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OBJECTIVE

The objective of the overall program covered by the contract is
to synthesize and evaluate low molecular weight alkalil metal
ozonides, superoxides, and calcium superoxide for use as alr re-
vitalization materials.

The objective of the phase of the program covered in this report
is to determine the thermal decomposition characteristics of sodium
superoxide and lithium peroxide.
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ABSTRACT

A study of the thermal stability of sodium superoxide, sodium
peroxide, and lithium peroxide was conducted. The techniques

of differential thermal analysis, thermogravimetry and differen-
tial thermogravimetry were used in evaluating the effects of met-
allic oxide and metallic-organic catalysts on the temperatures
and rates of decomposition of these compounds. Results ‘ndicated
that catalysts do not lower the thermal decomposition temperature
but, in some cases, accelerate the rate of decomposition at a
given elevated temperature. The effect of preconditioning sodium
superoxide samp.es by exposure to humid atmospheres was also
studied. Such conditioning lowers the decomposition temperature
slightly. Isothermal kinetic data was also generated for a num-
ber of catalyzed systems. Magnetic susceptibility studies for
calcium superoxides were extended to include measurements at

temperatures ranging from -178 to 38°c.
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THE THERMAL DECOMPOSITION OF
ALKAL| METAL SUPEROXIDES AND PEROXIDES

1. INTRODUCTION

The experimental studies conducted during the periods covered
by the subject contract were extended to investigate the thermal
decomposltion characteristics of sodium superoxide and lithium per-
oxide. Sodium peroxide was also included in these studies since
it is formed as an intermediate compound in the course of the ther-
mal decomposition of sodium superoxide.

The interim report presented the results of studies of the syn-
thesis and chemical characterization of alkali metal superoxides,
with particular emphasis on calcium superoxide. Calcium super-
oxide is attractive as an air revitalization material because the
crusting problem common to alkali metal superoxide-water vapor
reactions is not encountered. However, because calcium superoxide
cannot be prepared in sufficiently pure form and because of the
complexity of the reactions of this compound with carbon dioxide
and water vapor, calcium superoxide is not yet competitive with
alkali metal superoxides. It was concluded in the interim report,
therefore, that sodium and potassium superoxides offered the greatest
potential for practical applications at the present time.

As an alternative to the alkali metal superoxide-water vapor
canister reaction for back-pack type applications, an investi-
gation of the thermal decomposition characteristics of sodium
superoxide and lithium peroxide to produce oxygen was proposed.

A reactor to supply oxygen based on the thermal degradation of these
materials would not require water vapor, would be small, compact,
easy to control, and probably suitable for "on-off" type applications.
In addition, the sodium or lithium oxide products formed by the
thermal decomposition of the corresponding superoxide are,themselves,
excellent carbon dioxide scrubbers. Thus an efficient and reliable



space-suit back-pack unit can be envisioned which could operate

without the use of water.

From an engineering point of view, the alkall metal superoxides
are thermally stable, i.e., at normal operating temperatures, the
dissocilation pressure of oxygen is extremely low for the conversion
of the superoxide to the oxide and oxygen. Nevertheless, reasonable
temperatures are attainable at which these decompositions will
occur gquantitatively. Potassium superoxide has been reported to
decompose to the oxide and oxygen at about 280—30000? On the other
hand, Shechter and Shakely 3 have noted that sodium superoxide is
"not thermally stable at 100°%¢." At this temperature, however,

their early studies indicate that the rate is very slow. ]PetrocellilL

has shown that the use of pretreatment techniques or the use of a
suitable catalyst can cause the thermal depgradation of potassium
superoxide to proceed to completion at 15OOC. Thus, it was felt
that similar technigues would lower the decomposition temperatures

of sodium superoxide to an operable region.

Lithium peroxide is another air revitalization compound of in-
terest because it too will decompose thermally to the oxide and
oXygen. Markowitz has noted that the decomposition occurs at

5

BOOOC but is dependent upon surface arearz

A study of the thermal decomposition characteristics of sodium
superoxide and sodium and lithium peroxides was underftaken to de-
termine:

1. the temperatures at which the pure compounds decompose
to evolve oxygen, employing thermogravimetric analysis
and differential thermal analysis techniques;

2. the effect of pretreatment of the pure samples on the
deconposition characteristics;

3. the effect of catalysts on the temperatures of decom-
position;

4, the rates of oxygen evolution under isothermal condi-

tions;
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The results of these studies are presented and discussed in
this report along with additional magnetic susceptibility data
for calcium superoxide which was obtained during the extended
work period.




2. RESULTS OF EXPERIMENTAL STUDIES

.1 DIFFERENTIAL THERMAI, ANALYSIS, THERMOGRAVIMETRY, AND
DIFFERENTTIAT THERMOGRAVIMETRY

?.1.1 Introduction

A number of analytical techniques are available by which
the characteristics of a material subjected to uniform heating
rates may be examined. In this research, three complementary
techniques were employed in studying the thermal behavior of sodium
superoxide, lithium peroxide and sodium peroxide. These methods
were differential thermal analysis (DTA), thermogravimetric analysis
(TGA) and differential thermogravimetry (DIG).

When a material is subjected to a uniform heating rate,
thermal gradients are established within the material. 1If the
sample should undergo a chemical or physical change while being
heated, the normal thermal gradients are altered and a measur-
able change in the heat content of the sample results. These
heat changes are the basis for the differential thermal method.

In DTA, the test sample is placed in a heating block adjacent to
an inert reference material such as alumina. The difference in the
temperatures of the sample and the reference is then measured by
means of a differential thermocouple as the two materials are
simultaneously heated. If the sample gives off heat (as in cry-
stallization) or absorbs heat (as in melting), then a measurable
difference in temperature between the sample and reference material
will occur. A plot of this At versus temperature, T, is known as
the DTA thermogram.

The use of DTA methods allows the detection of all transi-
tions involving heat changes which a sample undergoes under thermal
agitation. Further, the nature of the transition (i.e. exothermic
or endothermic) is also immediately known. Unless additional in-
formation is available, however, it i1s difficult to distinguish
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physical changes, such as melting or solid phase transitions, from
chemical changes, such as decomposition or oxidation. For this
reason, DTA data is most often supplemented by some other analy-
tical technique. The most commonly employed complementary method

is thermogravimetry. Here the changes in the weight of a material
are recorded as a function of the femperature. Combining the two
methods then, 1t is possible to distinguish chemical (weight) changes
from physical transitions and, therefore, to identify to a great

extent the nature of the processes induced in the material by heating.

A third method, employed to a limited extent only in this
work, was differential thermogravimetry (DIG). DTG data is de-
rived from TGA results and furnishes the first derivative of the
TGA curve (i.e. dw/dt as a function of the temperature, t). This
method, therefore, provides information concerning the rates of the

processes occurring at various temperatures.

2.1,2 Experimental Program

One of the objectives of this extension was the evaluation
of the effects of a number of metallic oxide catalysts on the ther-
mal stability of sodium superoxide, sodium peroxide, and lithium
peroxide. Because of the large number of tests required for such
an evaluation program, it was necessary to establish some method
of screening the various systems and conditions. Thils was ac-
complished according to the scheme outlined in PFigure 1. An ap-
propriate catalyst level was first established by running DTA ther-
mograms on sodium superoxide samples containing three different levels
of copper oxide catalyst. The thermograms were then compared with
that of pure NaOE. Since in the case at hand there was 1little dif-
ference noted in the curves, a 10% catalyst concentration was ar-
bitrarily selected for testing. Using this catalyst concentration,
a large number of superoxide samples containing different metallic
oxides were prepared and analyzed, using the DTA method. The oxides
evaluated are listed in Table I.
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TABLE I

METAL OXIDES INVESTIGATED FOR CATALYTIC EFFECTS ON
THE THERMAL DECOMPOSITION OF SODIUM SUPEROXIDE

1. Cuprous Oxide
2. Vanadium Oxide
3, Vanadium Oxide
L., Palladium Oxide
5. Titanium Oxide
6. Nickel Oxide
7. Iron Oxide
8. Manganese Dioxide
9. Iron Oxide

10. Silver Oxide

11, Cadmium Oxide

(Cuy0)
(V205)
(V;03)
(Pdo)
(Ti02)
(N10)
(Fe203)
(MnO,)
(FeBOu)
(Ag,0)
(cao0)

12. Polymeric Copper Phthalocyanine (1)
13. Polymeric Copper Phthalocyanine (2)

The two metallo-organic compounds listed were also investi-
gated as catalysts in this phase of the work. These polymeric cop-
per phthalocyanines were synthesized by the condensation of py-
romellitic dianhydride with urea, boric acid and cuprous chloride§

Based on the DTA results, the systems were again screened,
and selected catalysts were subjected to TGA and/or isothermal

kinetic studies.

In addition to evaluating the above-mentioned catalysts, a
portion of the effort was devoted to a study of the catalytic effects
of absorbed water vapor on the thermal stability of sodium super-
oxlde. Samples were exposed to 100% humidity for various periods
of time and then analyzed by DTA. A difficulty which interfered
with this approach was the fact that the water absorption occurred
almost exclusively on the sample surface, causing a "crusting" of

the top of the sample. This crusting prevented the water from pene-

trating into the sample and resulted in reactions occurring only on

the surface. To overcome this difficulty, the samples were thoroughly

mixed after exposure and prior to analysis.
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2.1.3 Materials

The sodium superoxide used in this work was obtained from
the Mine Safety Appliances Company, and was purported to be of ca.
98% purity. Lithium peroxide was obtained in purities of ca. 98%
from the Foote Mineral Company; Sodium peroxide was a certified
A.C.S. grade chemical assaying at 94.09%4. Metallic oxides were re-
agent grade chemicals and were used as supplied without further

purification or treatment.

The polymeric copper phthalocyanine catalysts were synthe-
sized according to the following procedure:

Compound 1l: Pyromellitic dianhydride (5g., 0.02M), phthalic
anhydride (10g., 0.07M) urea (20g., 0.33M), cuprous chloride (1.5¢.,
0.0QM)yand catalytic amounts of boric acid were intimately mixed
and placed in a glass pressure bottle. The dry mixture was heated
at 200-220°¢ for five hours. At the end of this time, the porous
green-blue solid was removed, washed successively with large volumes
of water, ammonium hydroxide solution (10% conc.), water, dilute
hydrochloric acid, water, and was dried. The crude material was
treated with dimethylformamide to separate the product from any
monomeric copper phthalocyanine which might have formed. The dark
blue residue was identified as a phthalocyanine by means of in-

frared and elemental analyses.

Compound 2: This material was prepared according to the
above procedure with the exception that phthalic anhydride was
omitted from the reactant mixture. The product was green and was
slightly soluble in dimethylformamide.

2,1.4 DTA Studies

The differential thermal analysis data described in this re-
port were obtained using a R.L. Stone apparatus model DTA-11M. The
instrument was equipped to provide a number of dynamic atmospheres
in the analysis. Dry air, however, was chosen here, because it was
felt that 1t was the atmosphere which would be encountered in the

8
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practical application of these superoxides. The temperature pro-

gram rate was maintained at 10 degrees per minute and the reference
material was Alundum.

Because of the hygroscopic nature of the materials studied,
i1t was necessary to take unusual precautions when loading the DTA
sample holder to prevent contamination of the sample by atmospheric
moisture. This was accomplished by fashioning a portable glove-
bag out of polyethylene. The bag was positioned over the sample
holder, a desiccant and the sample to be analyzed were placed in-
side, and the entire enclosure was sealed with adhesive tape.

Figure 2 1s a schematic design of the furnace assembly of the Stone
apparatus and Figure 3 shows the improvised dry-bag in place. After
the sample holder was loaded, the bag was removed. At the end of
each run, the glove-bag was replaced, and the furnace, thus enclosed,
was allowed to cool 1n the presence of the desiccant.

2.1.5 Thermogravimetric Analysis

In order to carry out the TGA studies, a Mettler automatic
balance was converted into a thermobalance. A hole was drilled
in the bottom of the balance, a converter attachment was adjoined
to the bottom of the pan, and rhodium-plated jeweler's chain and
sample holder were attached. The sample holder was suspended in
a Hoskins electric furnace which was placed in a completely en-
closed chamber. The entire chamber, therefore, could be purged with
dry nitrogen prior to operation. A thermocouple was placed midway
in the oven and the oven temperature was increased at a uniform rate
by means of a Leeds-Northrup Speedomax temperature programmer. A
schematic diagram of the thermobalance is given in Figure 4. During
operation, the temperature was recorded manually every two minutes
by means of a potentiometer.

2.1.6 Simultaneous DTA-TGA and DTG

Although DTA and TGA results are complementary techniques,
it is not always possible to obtain exact correlations of data if

9



REFERENCE
\ /TEST
S
DIFF - FURNACE
COUPLE ™ b
sto _— Py
COUPLE
GAS |
GAS 2

FIGURE 2 FURNACE ASSEMBLY OF R.L. STONE DTA-11M

SAMPLE CELL

RUBBER GLOVE

POLYETHYLENE
BAG

DESICCANT

SUPEROXIDE

FIGURE 3 DRY-BAG ASSEMBLY FOR LOADING DTA SAMPLES
10

G SN U U G5 G5 G OU O WP G ES = 00 G0 =8 Gn 08 e




1 ————METTLER BALANCE

/ N
- : 7
SAMPLE :
VIAL ~ =
[ 3]
THERMOCOUPLE | s
o
\L i
TEMPE RATURE 1l
CONTROLLER \}\ !
Pt
h - DESICCANT
2 N
— ——BRICKS
POTENTIOME TER ; A
\CLAY

FIGURE 4 CONVERTED METTLER BALANCE

11



the experiments are performed on different instruments. For this
reason, 1t is desirable to conduct simultaneous DTA-TGA experiments.
A few selected samples, therefore, were submitted to the Mettler
Instruments Laboratory in Strgfa, Switzerland, for evaluation on
their recording thermoanalyzer. This instrument yields DTA, TGA
and DTG data simultaneously under identical experimental conditions.

2.1.7 Results of DTA Studies

a. Pure NaO2

The DTA thermograms obtained in this phase of the work are
given in Figures 5 through 13. Examination of the thermogram for
pure sodium superoxide (Figure 5) reveals endotherms peaking at
150o and 17500, and a strong endothermic peak at 3OOOC. These
endotherms, commencing at temperatures of ca. 12OOC, substantiated
o is
unstable at temperatures of about IOOOC, decomposing with the evo-

8.

previously reported Russian works which have stated that NaO
lution of oxygen s The endotherm, beginning at 27OOC and peaking
at 3OOOC, can probably be attributed to the decomposition of sodium

superoxide to the peroxide via the reaction:

°2NaO, = Nay0, + O, (1)

2

Vol'nov, however, has reported that this reaction takes place
about 27800. The higher temperatures recorded here may be attri-
buled to the differences in the program rates employed. In the work
at hand, a fairly rapid program rate of loo/min. was used. This
is higher than the rate employed by the Russian investigators? The
faster rate might be expected to result in higher transition tempera-
tures because of a greater thermal lag of the sample. Another factor
which may have contributed to these higher temperatures was the sta-
tic atmosphere employed in the DTA runs. Under the conditions utilized
here, the oxygen produced in the decomposition of the superoxide may
form a layer over the sample, thus retarding further decomposition.
Under similar conditions it has been shown that a material which

undergoes a reaction whose temperature is a function of O2 pressure

12
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(or whatever vapor is released by the test material) gives a ther-
mogram in which the shape and temperature of the peaks are noticably
affected by experimental variables such as rate of temperature rise,

9

sample packing, grain size, etc.

It is interesting to note that Vol'nov reports that the ther-
mogram of sodium superoxide displays only two endotherms below 5OOOC:
at 1450 and 27800.8 Qur results, however, show three peaks occurring
at about 150, 170 and 3OOOC. These three peaks also appeared on
thermograms obtained at an independent laboratory, although the tem-
peratures of occurrence were somewhat lower (See Section C.) A pro-
bable explanation is that the samples tested differed in purity.

Analytical data have shown that the sodium superoxide tested is about
84 pure.

b. Effects of Metallic Oxide Catalysts

Reference to Figures 6 and 7 reveals that the majority of
the catalysts tested caused no major changes in the DITA thermogram
of sodium superoxide. 8Slight differences in the proportion and rel
lative shapes of the 150° and 170O peaks can be noted in a few cases
(Fe30u, Cdo, Cu,0 (2%) ), but no shift in the temperatures of the
transitions were noted. Exceptions to this behavior are manganese
dioxide, vanadium(V)oxide, vanadium(III)oxide and the polymeric
pythalocyanines. Superoxide samples containing these catalysts did
not display the usual endotherm at 3OOOC. Rather, large exothermic
peaks were observed at this temperature (Figure 8 and 9). Samples
catalyzed by the polymeric copper phthalocyanines showed this strong
exotherm, beginning as low as 200°C. On the basis of this activity,
these catalysts were selected for further investigation. The re-

sults of these further studies are given in a later section.
c. Effect of Preconditioning of NaO2

The DTA thermograms obtained for samples of Na02, which were
first exposed to a 100% humid atmosphere, are given in Figure 10.
Immediately obvious 1s the sharp exothermic peak at 80°¢c. A simi-
lar exothermic effect in this temperature range has been observed
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with a number of peroxy hydrates (MEOE . HQOQ) and has been attri-
buted to the dissociation of the crystallized hydrogen peroxide 10, 11
The occurrence of this peak indicates the probability of a reaction
of the following fype taking place upon water absorption:

2Na0, + XH,0 = Na,0,.XH,0, (2)

In thils regard, it should be noted that the decompositicn temperature
of sodium peroxide dihydroperoxiate has been reported as 15700 12,

and indeed an endocthermic peak occurs in this temperature range on
the thermograms.

Of particular interest is the peak beginning at ca. 26500,
for i1t is at this temperature that sodium superoxide converts to
the peroxide. The thermogram of pure NaQ, (Figure 5) shows this
peak at 3OOOC while with the preconditioned samples of superoxide,
a shift to lower temperatures is observed. Preconditioning by ex-
posure to high humidities, therefore, may lower the decomposition
temperature of sodium superoxide slightly.

In studying the effects of preconditioning on the thermal
stability, the time of exposure, the relative humidity, and the
exposed surface area must be carefully noted. If the sample is
exposed to the atmosphere for too long, a whitening attributable
to the formation of peroxides, hydroxides, or other decomposition
products is observed. Using 1004 humid atmosphere and 80 mesh NaO,,
the time period for whitening to occur was found to be about 12
minutes when a watch glass contalning about 0.25 grams was placed
in the humid chamber. With shorter periods of exposure, a caking
of the sample was observed but no whitening occurred. Of course
with atmospheres containing less than 100% humidity longer ex-
posure periods would be tolerable.

The effect of exposure time on the stability of NaO2 is
clearly seen in Figure 10. The sample exposed for 13 minutes was
noticeably whitened and gave a very strong endothermic trough at
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temperatures greater than 3OOOC corresponding to complete disinte-
gration of the material. The sample exposed for only 10 minutes,
however, displayed no activity at these temperatures.

d. Pure NaQO and L1202

2

Although the major part of this effort was concentrated on
the thermal properties of sodium superoxide, some work was devoted
to the decomposition of sodium and lithium peroxides. The DTA
curve for the pure Nago2 compound is given in Figure 11, The ther-
mogram shows a small endotherm at ca. 165o which may be traced to
the presence of small amounts of Na202-2H202 (decomposition point
15700f}2 The curve indicates that the peroxide begins to decompose
above 31000. Above 3500 the endotherm was uncontrollable, going
completely off the chart. It has been previously reported that
Na202 decomposes with the liberation of oxygen between 3110 and
100° ¢t

The effects of a polymeric copper phthalocyanine and man-
ganese dioxlde on the stability of sodium peroxide can be seen in

Figures 11 and 12. The Na202 - Cu phthalocyanine thermogram shows
the familiar endotherm at ca. 165°C, and then displays a strong,
sharp exotherm followed immedlately by the endothermilc decomposition.
This mixture, when heated suddenly to 25000, detonated. The peroxide
appeared to oxidize the organic portion of the phthalocyanine,
leaving a copper salt residue.

The NaEOQ—MnO2 mixture also showed increased activity. The
curve displays an exotherm at ca. 11000 which is similar to peaks
observed for the decomposition of MQOE.XHQOQ. This catalyst also
caused a very strong exothermic peak commencing at BOOOC. An
interesting observation was that the residue from this reaction
was bright blue. A precise explanation for this phenomenon is not
immediately available. The color, however, may be due to the for-
mation of compounds of generaltype MnOE.XHQOQ. Another possible
explanation may be the formation of MnOA_ ion or even a peroxide
of the type MnOA. The blue material was unstable, decomposing upon
contact with air to form a gas and a white residue.
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The DTA thermograms for pure L1202 and several catalyzed
samples are given in Figure 13. The relatively simple curves
display a slight exothermic bump at ca. 26000 which has been as-
cribed by several authorsl3’1u’l5 to a reversible polymorphous
phase change. The endotherm corresponding to the decomposition
to the oxide begins slightly above 3OOOC. It 1s seen that the
catalysts employed (Mnog, V203, CuPh) have little effect on the
thermograms. Only the phthalocyanine catalyst produced an ad-
ditional peak, a slight exotherm at ca. 380°c.

Because the decomposition temperature of lithium peroxide
was gignificantly high ( > 3OOOCL and since the catalysts in-
vestigated did not effect a decrease in this temperature, iso-
thermal kinetic studies were not conducted on this material.

2.1.8. Results of Thermogravimetric Studies (TGA)

a. Calibration of Thermobalance

Before conducting the TGA studies on the pertinent super-
oxide compounds, the thermobalance, previously described, was
calibrated by performing a blank run with an empty sample pan.
Figure 14 shows the thermal characteristics of the balance based
on data obtained from this analysis.

The accuracy of the recorded weight losses was then checked
by analyzing a sample of copper sulfate pentahydrate (Figure 15
shows the TGA curve resulting from this analysis). The recorded
weight loss of 27.8% is in close agreement with the theoretical
value of 28.8% which corresponds to the loss of four molecules of
water, This is in accord with previous experimental work which
has shown that the first four water molecules of CuSOu.5HEO are lost
relatively easily while the fifth, being coordinated to the anion
instead of the metal, is lost only with difficulty at higher tempera-
tures (30000)16.
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b. Analysis of NaO2

The TGA thermogram for sodium superoxide 1s shown in Figure
16. The curve shows a small initial weight loss beginning about
12000, with the principal decrease in weight beginning about 25000
and becoming quite rapid at temperatures of 290—30000.

A similar curve was obtained with a catalyzed sample of
sodium superoxide containing vanadium(V) and aluminum oxides
(Figure 17). 1In the presence of these catalysts, however, the

weight loss became very rapid at a lower temperature (> 21OOC).

Because of the gradual onset of weight loss, it was d4dif-
ficult to determine the initial temperature at which the samples
started to decomposc. On this basis and because TGA work was so
time consuming, it was decided to utilize the DTA curves to select
the temperatures at which kinetic studies were to be conducted.

No further TGA work, therefore, was carried out in this research.
Additional weight loss curves, however, were obtained by the

Mettler laboratories and are discussed below.

2.1.9 Results of Simultaneous DTA - TGA and DTG

Differential thermal analysis, thermogravimetric and dif-
ferential thermogravimetric curves were obtained simultaneously on
several selected samples at the Mettler Company's laboratories. The
analyses were performed utilizing the Mettler recording vacuum ther-
moanalyzer employing a program rate of 1° per minute. Aluminum
oxlde was used as reference material and the atmosphere was dry air,
at a flow rate of 5.7 liters per hour;

The four samples which were selected for study were pure
NaOQ, Na02 containing 1% cuprous oxide catalyst, pure lithium per-
oxide, and lithium peroxide containing 1% cuprous oxide catalyst.
Figures 18 through 21 represent the thermograms reported by the
Mettler Company Laboratories.
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a. NaO, and NaO, - Cu,0 (1%)

The DTA thermogram for Na02(Figure 18) shows three principal
endothermic peaks at ca. 1350, 1500, and 28500. At the same time,
the weight loss curve (TG-1) exhibits only a slight decrease in
welght at temperatures lower than EOOOC, with the principal break
in the curve occurring 1n the 25000 range. The expanded thermo-
gravimetric curve (TG-2 = 10xTG-1) shows this break more clearly.
FProm these curves it may be concluded that the principal decom-
position of sodium superoxide involving the production of oxygen

(weight loss) does not occur at a meaningful rate until temperatures
near 25000 are attained.

The curves for the sodlum superoxide-cuprous oxide sample
(Figure 19) display identical peaks on the DTA curve and a similar
break on the TGA thermogram. It is noted, however, that the break
in the TGA curve for the catalyzed sample is a 1little sharper than
that of the pure sample. Since the DTA peaks for the copper con-
taining sample colncide exactly with those of pure sodium super-
oxide, it would seem that this catalyst has no effect on the de-
composition temperature.

Examination of the DTG curves for the two samples reveal
sharp peaks in both cases at ca. 28500. With the pure sample,
the peak length represents a maximum weight loss rate of 15.5
mg/min, while with the catalyzed material the rate indicated is
19.0 mg/min. It appears, therefore, that the addition of cuprous
oxide may cause a slight increase in the rate of decomposition
even though the decomposition temperature does not appear to be
affected.

These simultaneous analyses were carried out to a temperature
of MOOOC, at which time the furnace was turned off and the cooling
curves were traced from MOOo to room temperature. It is interesting
to note that the DTA cooling curve for Nao2 displays a strong exo-
therm at about 26000 while no comparable weight change is recorded
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at this temperature on the TGA cooling curve (TG-1 or TG-2). This
exothermic peak probably represents the reverse of an endothermic
process which appeared at 28500 on the heating curve. Its pre-
sence, therefore, indicates the occurrence of a reversible phy-
sical transition. It is remembered, however, that the endotherm
at 28500 on the heating curve has been attributed to the decom-
position of sodium superocxide to sodium peroxide and oxygen (an
irreversible chemical change). The appearance of the exotherm
on cooling, therefore, indicates that either the product formed
in the decomposition of the superoxide (sodium peroxide), or the
residual sodium superoxide must undergo a reversible phase transi-
tion in the 250—28500 temperature range. 1In this regard, it should
be pointed out that the compound Na202.H20 has been reported to
melt at 28500. Trace amounts of water present in the original
superoxide sample could account for the formation of this com-
pound and hence the appearance of the exotherm on cooling (via cry-
stallization). The DTA curve for Nago2 shows only a minor endo-
therm at 285°¢.
b. Li202

The thermograms obtained for Li202 and Li202/Cu20 systems
were much simpler than those obtained with the superoxide. The
DTA curve for the pure LiEOE(Figure 20) shows a single endotherm

!

beginning at ca. 3OOOC, which corresponds to the decomposition to

lithium oxide.

1,0, — L1,0 + 1/20, (3)
The thermogravimetric curves (TG-1 and TG-2) show the weight

loss occurring simultaneously at this temperature. From the length

of the DTG peak, occurring at 3400C, a maximum weight loss rate of

6.0 mg/min was calculated.

The small exothermic bump occurring about 24500 has been
noted by other investigators and its origin is still questionable.
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It is seen that no weight loss occurs at this point and that the
break 18 not reversible on the cooling. The source of the exo-
therm then, must be some irreversible, physical transition.
Markowitz has suggested the peak may represent the crystallization
of small amounts of amorphous lithium peroxide}7 while other in-
vestigators have suggested an irreversible a-f crystallographic
transition}3. The question, however, has not yet been resoclved.

Simultaneous DTA-TGA analysis on the L1202-Cu20 system yielded
thermograms identical to those obtained with pure lithium peroxide.
No differences could be detected in the temperature or rate of de-
composition (Figure 21).

2.2 TISOTHERMAL KINETIC STUDIES

2.2.1 Introduction

The thermal decomposition of sodium superoxide is considered

to proceed via a two step process as illustrated by the following
reactions:

2NaO, — Na,0, + O, ()

Na,0, — Na,0 + 1/202 _ (5)

If the decomposition proceeds completely to the oxlde, 0.75
mole of oxygen is formed for every mole of Na02. If, on the other
hand, the decomposition stops at the peroxide step, only 0.50 mole
of oxygen would be obtained per mole of sodium superoxide under
ideal conditions. It is important to note, therefore, that the
temperatures at which each of the reactions proceeds are quite
different. Sodium superoxide is reported to convert to the per-
oxlde at 25000§ while the oxide is not formed in appreciable
quantities from the peroxide until temperatures in excess of 35000
are attained}e In selecting catalysts for the decomposition of
sodium superoxide, then, 1t 1s important that the chosen materials
be effective not only in facilitating the conversion of superoxide
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to peroxide, but alsc in accelerating the peroxide-oxide transition.,
In order to produce the maximum amount of oxygen per mole of super-

oxide, both reactions must proceed.

2.2.2 Experimental Program

Based on the foregoing DTA data, a number of catalyst systems
were chosen for isothermal rate studies. Kinetic data were then
generated for samples of pure sodium superoxide and sodlium peroxide
and for samples of both materials containing a number of these cat-

alysts.

Since the simultaneous DTA-TGA plots for sodium superoxide
displayed concurrent activity in the 160-170o temperature range,
the initial temperature for investigation was set at 160°C. A
second temperature of ESOOC was also selected for study because
TGA data had shown that the major weight loss with sodium super-
oxide began at this temperature.

In the case of sodium peroxide, all studies were carried
out at 25000 since little or no activity was noted below this
temperature on the DTA thermograms.

The apparatus utilized for these studies was the same as
that employed for the thermal decomposition of potassium ozonide17,
and is shown in Figure 22. At the 160°C level, the temperature
was maintained by means of an oil bath. For the runs conducted at
25OOC, however, a slight alteration was made in the experimental
set up. A reaction tube was made by removing the side arm from
the original apparatus. The tube was inserted in an oven and the
temperature of the oven was maintained at 25OOC by means of a Leeds-
Northrup temperature programmer. This apparatus is shown in

Figure 23,

The procedure was to bring the reaction vessel to test Tempera-
ture, purge the system with nitrogen, and drop the sample into the

Lo

X
»
ME G @B



<

'S

TO GAS
DRYING TRAIN <—
AND N2 GAS

CYLINDER f

L
L
T~

T
v O GAS BURETTE

\ THERMOSTATED
OIL BATH

NICHROME WIRE

SAMPLE VIAL

C__jm n

FIGURE 22 APPARATUS USED FOR ISOTHERMAL KINETIC STUDIESo OF
THE DECOMPOSITION OF SODIUM SUPEROXIDE AT 160°C

43




POWER CORD

TO GAS BURETTE

/4__ HOSKINS ELECTRIC FURNACE

f SAMPLE VIAL

TEMPERATURE
REGULATOR

THERMOCOUPLE

.
L2
l‘
4
“ s,
s,
’5?1'111411’4'1111/111111 P2 :
4 . gaaggazreonrm nrl.u-nn:.nmmvn,il,/
e L1415

CLAY

N
j¢&———BRICKS

APPARATUS FOR THE DECO'(\)/IPOSITION OF
SODIUM SUPEROXIDE AT 250°C

FIGURE 23

4a

,
- N =



tube by means of a long wire. The course of the reaction was then

followed by measuring the volume of oxygen generated by means of
a gas burette.

At the end of each run the sample vial was removed from the
reaction chamber and cooled to room temperature. The superoxide
content remaining in the residue was determined by the Seyb-

Kleinberg method%8

The thermal decomposition product was further analyzed to
determine the amounts of sodium peroxide and sodium oxide remaining.
This was accomplished by a standard permanganate titration and de-
termination of the total base content. Finally, the carbonate
content of the residue was found by absorbing the carbon dioxide
generated from the sample using an Ascarite absorbent.

2.2.3 Results of Kinetic 3tudies of The Isothermal Decomposition
of Sodium Superoxide

The analytical data obtained from the isothermal decompo-
sition of sodium superoxide in combination with various catalysts
are summarized in Tables II and III. Analyses were performed on the
samples prior to thermal degradation and on the product formed in
the decomposition process.

The data show that at both 160° and 250°C the principal
product of the decomposition of pure sodium superoxide is sodium
peroxide. Some decomposition of the peroxide to form sodium
oxide, however, can be seen at both temperature levels. The effect
of temperature on the decomposition process 1s dramatically evident:
49.6% of the superoxide is decomposed in 149 hours at 160°C while
90.47% of the superoxlide is decompcsed in only 3 hours at 2500C.

2.2.4 Effect of Catalysts On The Decomposition Of Sodium Superoxide

a. Studies at 160°cC.

The effect of metallic oxide catalysts on the thermal de-
composition of sodium superoxide at 16OOC can be seen by examination
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of the data compiled in Table II. The percent decompositions for
both sodium superoxide and sodium peroxide are tabulated for each
of the catalyzed mixtures. In computing the value of the latter,
the amount of Nagog formed in the decomposition of the superoxide,

plus the amount of Na202 originally present, were take.1 together

as the initial peroxide concentration.

Of the catalysts investigated, the two vanadium oxides ap-
peared to accelerate the decomposition of superoxide, while three
of the compounds (manganese dioxide, aluminum oxide and copper
polyphthalocyanine) actually seemed to retard the decomposition
process. With these latter materials, less decomposition was noted
with the catalyzed samples than with pure sodium superoxide.

In the case of the vanadium catalysts, the lower oxide,
V2Q3, effected a higher percent decomposition, not only of super-
oxide,but also of peroxide. With this catalyst, therefore, the
decomposition reaction proceeds to the oxide to a significant ex-
tent. The pentavalent vanadium oxide, V205, on the other hand,
resulted mainly in the formation of sodium peroxide with very
1ittle decomposition to the oxide being noted. On the basis of
this data, therefore, and at this temperature, vanadium(III)
oxide appears to be the most effective catalyst for generating
oxygen by the thermal decomposition of sodium superoxide.

It is interesting to note that manganese dioxide and, to
a lesser extent, the phthalocyanine catalyst, although showing
decreased activity in decomposing superoxide, nevertheless dis-
played exceptional ability in facilitating the decomposition of
sodium peroxide to sodium oxide. Thus, despite the smaller amount
of superoxide decomposition, these catalysts must be considered
among the more active because of the extent to which the decompo-
sition reaction goes to completion (i.e. to the oxide). In con-
trast, the aluminum oxide catalyst apparently Inhibits both the
superoxide and peroxide decompositions.
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It should be pointed out, that two of the catalytic materials,
the polyphthalocyanine and vanadium (V) oxide, were allowed to re-
act for only 30 hours while the decompositions of the other samples
were conducted for at least 120 hours Comparison of the results
obtained with these two materials, therefore, may not be valid.

The kinetic curves illustrating the volumes of oxygen pro-
duced by the above menticned systems as a function of time are given
in Figures 24 through 29. It is noted that on the basis of the
volume of oxygen produced per gram of Naog, the catalysts in order
of effectiveness are: V203 > V'205 > MnO, > CuPh. The rate
constants, determined by constructing tangents to the curves at
selected points, are nearly equal (klz(LS; Ké::o.g) at this tem-
perature. Because of the small degree of conversion of super-
oxide occurring at 160°C with all of the systems tested(ca.50%
conversion in > 100 hours), further work at this temperature
was discontinued and attention was focused on higher reaction
temperatures.

b. Isothermal Studies at 250°C

The analytical data obtained form the decomposition of
sodium superoxide at 25000 are compiled in Table III. Immedlately
obvious is the dramatic increase 1n tne rate of the decomposition
at the higher temperature. At the 160°¢C level, superoxide de-
compositions of 35-50% were realized only after more than 100
hours of reaction; at 25000, 80-90% of the superoxide was de-
composed in 2-3 hours. In 1light of this increased activity, it
is unusual to note that, based on the percent decomposition given
in Table III, all of the catalysts tested appeared to inhibit the
decomposition of sodium superoxide. In contrast, the decomposition
of sodium peroxide appeared to be enhanced by the presence of the
catalysts. Again the manganese dioxide and copper polyphthalocyanine
catalyst showed exceptional ability in facilitating the decompo-
sition of peroxide to the oxide. Ih the case of the phthalocyanine,

b9
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moreover, the superoxide decomposition was only slightly less than
that of the pure sodium superoxlide. Interestingly enough, the

two vanadium oxides which displayed the highest superoxide decom-
positions at 16OOC., resulted in the lowest conversion at 25000.

In seeking an explanation of the inhibitory action of these
oxldes at 2500C, it 1s recalled that strong exotherms were ob-
served on the DTA thermograms (Figures 8 and 9) of these catalyzed
systems in the temperature range 1n point. It 1s possible, there-
fore, that at the higher temperature an exothermic reaction may
take place between the metal oxlde and sodium superoxide to form

a complex of the type Na02.MXO The thermal decomposition of

v
such an adduct might be expected to proceed at a slower rate than
that of the uncomplexed superoxide, thus resulting in a lower per-

cent decomposition being recorded with the oxide catalyst.

In addition to the DTA data, other evidence for reaction
(and/or the formation of such complexes) under the conditions
employed here was the development of the dark blue color en-
countered with the NaOQ-MnO2 system, Still further, a number
of authors have reported the formation of complexes of general
type MOE'MxOy under similar conditions.l2

In attempting to assess the relative value of the catalysts
examined in this research, it is not sufficient to consider only
the data concerning the extent of superoxide and peroxide decom-
position. Rather, the goal of this work--to utilize the thermal
decomposition process of solid superoxides for the controlled,
efficient generation of oxygen gas--must be borne in mind. The
real criterion for judging catalyst worth, therefore, is the actual
yield of oxygen and the rate at which the gas is produced. The
data in Table IV represent gravimetric and volumetric results of the
amounts of oxygen produced by the various catalyzed samples. Good
agreement 1s noted between the gravimetric and volumetric determina-
tion of oxygen yields in all cases except one. With the copper
polyphthalocyanine catalyst, a percent conversion to oxygen of nearly
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100% is observed based on the gravimetric data, while the volumetric
data indicates a conversion of only 56.9%. The gravimetric results
are obviocusly in error since the analytical data (Table III) have
shown that only an 88.0 percent decompostion of superoxide is
achieved with this catalyst. A plausible explanation for the ab-
normally large weight loss observed 1s that the catalyst itself
entered into the reaction., The phthalocyanine polymer is a very
large organic molecule which in all probability contains oxidi-
zable sites (e.g. side groups). It is entirely conceivable,
therefore, that at this high temperature (25000), and in the pre-
sence of such a powerful oxidizing agent, some oxidation might

take place. It is more difficulft to explain why the volumetric
results are not also abnormally high, in as much as any oxidation
might be expected to result in the production of volatile materials.
It 1s recalled, however, that the fluid in the gas burrette is an
organic ester (dibutyl phthalate), If the products of the oxidation
were low molecular weight organic compounds, some solubility 1n
dibutyl phthalate might be expected, and thus little change in the
volumetric resulcs would occur. The only other explanation for

the anomalous data obtained with the phthalocyanine 1s experi-
mental error.

There 1s a possibility that the results reported for the
manganese dioxide catalyzed sample may be somewhat low in light
of the high conversion of both superoxide and peroxide previously
observed with this catalyst (Table III). It has to be re-
called that at about 25000. a reaction was observed which resulted
in the formation of a blue-colored product. If the stability of
this product is such that it decomposes more slowly than the un-
complexed superoxide, then both the weight loss and the volume of
oxygen produced would be decreased. Perhaps this catalyst would
be more effective at temperatures slightly below 25000 where no
color development (hence reaction) has been observed.

Since, in addition to the yield of oxygen, the rate of gas

evolution is also an important variable, the kinetic curves and
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first order rate plots for the systems studied have been prepared
(Figures. 30 through 40). The data taken from these plots are sum-
marized in Table V. It is seen that the reactions with all sys-
tems were essentially over in three hours. It is interesting to
note that the phthalocyanine catalyzed sample, although it pro-
duced the smallest volume of oxygen per gram of superoxide, gave
the most rapid reaction rate observed. Perhaps this catalyst
should be investigated at lower temperatures in order to deter-
mine if reaction of the catalyst with the superoxide could be
avoided and hence the amount of oxygen increased.

Based on the data of Tables III, IV and V, therefore, the
order of effectiveness of the catalysts at 25000 is:

v?o > MnO2 ~ V205 > CuPh.

3

2.2.5. Effect of Absorbed Water on The Decomposition of Sodium
Superoxilde

The catalytic effect of absorbed water vapor on the de-
composition of sodium superoxide was also investigated. The data
from these studies are included in Tablez II through V. At 160°c,
the preconditioned sample decomposed to a lesser extent than un-
treated sodium superoxide, while at 25OOC the percent decomposi-
tions were about the same for both samples. The yield of oxygen
from the preconditioned sample, moreover, 1s only slightly greater
than that from the untreated superoxide (Table IV). The kinetic
data and the rate plot for the preconditioned sample confirm that,
although the total volume of oxygen generated per gram of super-
oxide is somewhat larger than that obtained from pure sodium
superoxide, the rate of oxygen production is slightly lower. The
effect of preconditioning sodium superoxide by exposure to mols-
ture, therefore, does not appear to affect significantly the oxy-
gen producing ability of the pure compound.
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FIGURE 37

FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL
DECOMPOSITION OF A SAMPLE CONTAINING 75.3% NaO2
AND 9.9% V,03 AT 250°C
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FIGURE 39 FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL
DECOMPOSITION OF A SAMPLE CONTAINING 75. 9% NaO,
6 -~ AND 9.2% COPPER POLYPHTHALOCYANINE AT 250°C
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2.2.6 Results of Isothermic Kinetic Studies of The Decomposition
of Sodium Peroxide

Because sodlum peroxide is an intermediate in the decom-
position of sodium superoxide, the catalysts that are most ef-
fective in increasing the oxygen production from the superoxide
are those which facilitate the decomposition of sodium peroxide
to sodium oxide. An investigation of the effects of those cata-
lysts on the thermal stability of pure sodium peroxide, therefore,
was carried out. Studies were conducted with three catalysts,
manganese dioxide, copper polyphthalocyanine-2,and vanadium(III)
oxide. The effects of the physical form of the peroxide were also
examined by employing a compressed pellet of Na202 in addition to
the usual powdered form. The results of the studies conducted at
25000 are summarized in Table VI. Analysis of the sodium peroxide
used in this phase revealed that the superoxide content of the
seemingly "pure" material was exceptionally high; greater than the
10% expected in commercial grade sodium peroxide}9 The percent
decomposition of sodium superoxide that occurred during the per-
oxlide reaction being studied, therefore, was included 1n Table V.

The small amount of decomposition recorded for the peroxide
pellet is immediately obvious. It appears that the surface area
of the peroxide has a significant effect on the thermal decompo-
sition. A similar effect was noted by Markowitz in studying the
decomposition of 1ithium peroxide:.L7

As in previous studies, the manganese dioxide markedly in-
creased the decomposition of the peroxide. An unexpected result,
however, was the mild explosion encountered with the phthalocyanine
catalyst. The reaction proceeded normally for the first three or
four minutes and suddenly the sample ignited with a loud crack.

The inside of the glass reaction vial was coated with a smokey

gray substance typical of the combustion of a high molecular weight
organic compound. This uncontrolled reaction presents conclusive
proof that the phthalocyanine nucleus is susceptible to oxidative
attack at this temperature.
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The kinetic curves for the various peroxide samples are
given in Figures 41-43. 1In all cases, essentially all of the
oxygen 1s evolved in the first half hour. With the MnO2 sample,
the final volume of oxygen per gram of sodium peroxide is ab-
normally low. This catalyst gave the highest percent decompo-
sition of peroxide, and yet the volume of oxygen evolved 1s ap-
proximately half of that obtained from the pure sodium peroxide,.
Again, the sample residue was bright blue, and, in all probability,
the catalyst reacted, thus consuming a good portion of the oxygen.
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MAGNETIC SUSCEPTIBILITY OF CALCIUM SUPEROXIDE

1. INTRODUCTION

Magnetic susceptibility studies of calcium superoxide were con-
tinued to characterize more fully its magnetic and structural pro-
perties. In the interim report, results for only one temperature
were reported. During the extended work period, measurements were
made at temperatures ranging from -170 to 3800, to determine the
paramagnetic Curie-temperature, or Curie-point. Using these data,
a more accurate permanent magnetic moment could be determined.
Consequently, a more accurate independent analytical check for the
presence and purity of superoxides could be made.

Previously reported magnetic data for calcium superoxide were
obtained with low purity samples (2-5%20). The avallability of
higher purity samples (nearly 50%) for this work provided the op-

portunity to define more clearly the magnetic properties of cal-
cium superoxide.

2. EXPERIMENTAL PROCEDURE

The Gouy apparatus and experimental procedures used have been
described in the recent interim report} However, the low tempera-
ture measurements required a special apparatus to maintain the sam-
ple tube at a constant temperature. This apparatus 1n shown in
Figure 44. TUsing a constant flow of dry nitrogen gas, constant
equilibrium temperatures were readily attained within 0.5 to 1 hour.
The following baths were used to obtain the corresponding tempera-
Tture: ice bath: 1100; 30g CaClg/lOOg SNOwW: OOC; dry ice/acetone:
—6400; liquid nitrogen: -178%.

Since measured gram susceptibilities are affected by the pre-
sence of diamagnetic impurities, corrections were made for: Ca0
(—0.33.10-6c.gos.units), CaCoy (-0.38.10‘6c,g.s.un1ts), Ca(0OH)
(—0.30.10_6c.g.s.units), and H,0 (—0.70.10_6c.g.s.units).21

2
2
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F IGURE 44 APPARATUS FOR
MAGNETIC SUSCEPTIBILITY
MEASUREMENTS AT LOW
TEMPERATURES
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Since thes« values are not affected by changes in temperature, the
total diamagnetic values for each sample, calculated from Weidemann's
additivity law, remained constant for a given sample at any tempera-
ture.

3. RESULTS OF MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Magnetic susceptibility measurements of Ca(OQ)2 samples of 20.0%
and 48.0% purity were made at +38, +28, +11, 0, -64, and -178°C and
are summarized in Table VII. The gram susceptibility of the pure
sample at each temperature was obtained by extrapolating to 100%
purity, the curve derived by plotting the measured gram suscepti-
bility vs. composition (Figure 45). These results, summarized in
Table VIII, were used to construct a plot of the reciprocal of the
molar susceptibility (xm) of l/20a(02)2 vs. the absolute temperature
(Figure 46). The straight line was observed to intersect the T-axis
at OOK (Curie—point) indicating that for the temperature range
studied, -178 to +38°¢C, the Curie Law was obeyed for calcium super-
oxide. The reciprocai of the slope of this l1line, equal to the Curie
constant [Cm = thT—G)] , was found to be 0.418°k c.g.s.'l, which
yields a molar susceptibility of 1400.10_6 c.g.s. units at 2500
and a permanent magnetic movement (uB) of 1.84 Bohr magnetons.

This latter value is in excellent agreement with the theoretical
value of 1.85 for the 2II state for Oé 22, Table VIII.

4. DISCUSSION OF RESULTS

Since the superoxide anion,ipé, is the only source of the para-
magnetism and exists as an independent ionic unit in the superoxide
crystal lattice, the molar susceptibility may be halved to obtain the
value for one o; unit in the Ca(02)2 biradical.

In addition, the Curie constant should hold true for any super-
oxide system. Thus, using a value of)(m = 1710'10—6c.g.s. units, a
Curie-point of +510K is calculated for potassium superoxide, Table
IX. This value assumes that since the Oé anion is the only source
of the paramagnetism and because the alkali and the alkaline earth
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MOLAR SUSCEPTIBILITY OF CALCIUM SUPEROXIDE AT VARIOUS TEMPERATURES

TABLE VIII

SUSCEPTIBILITY
(-106 c.g.s.units)
mET L wY | e | e
g m
38 25.7 2680 1340
28 27.4 2850 1420
11 28.9 3010 1500
0 29.2 3040 1520
-64 39.0 4060 2030
-178 95. 4 9930 4960

(a) obtained by extrapolation to 100% Ca(02)2, Figure 45.
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metal cations are only weakly diamagnetic, the Curie constant for
various highly concentrated superoxide compounds should be essen-

tially the same. The permanent magnetic moment for KO2 was thus
found to be 1.84.

Comparison with Ehrlich's datago showed excellent agreement for
the measured gram susceptibility at room temperature. However, at
the lower temperatures, considerable differences in results were
observed, probably because Ehrlich employed very dilute samples for
his studies O. The corrections for the diamagnetic impurities in
the present work were usually very small, and, in samples with very
high superoxide content, they were nearly negligible, e.g., approxi-
mately 5% correction for diamagnetic impurities for 20.0% Ca(02)2
and less than 1% for 48.0% Ca(0,),- By comparison, Ehrlich's dia-
magnetic corrections for calcium peroxide were proportionately very
large, greater than 90% in some cases. As a result, Ehrlich cal-
culated a permanent moment of 2.1 Bohr magnetons, compared to the
value of 1.84 Bohr magnetons reported in this work.
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SUMMARY

The work completed during this phase of Contract NASW-559 can
be summarized as follows:

1. Differential thermal analysis and thermogravimetric studies
have been performed on pure samples of sodium superoxide, sodium
peroxide, and lithium peroxide, and on samples of these materials
containing various metallic oxide and metallo-organic catalysts.

2. Differential thermal analysis has demonstrated that sodium
peroxide begins to decompose at ca. 31000, and that above 35000 the
decomposition is rapid. Lithium peroxide decomposes in the tempera-
ture range from about 310 to about 3800C. The decomposition of all
three of these compounds are endothermic processes.

3. The addition of metallic oxide or metallo-organic catalysts to
sodium superoxide, sodium peroxide, or lithium peroxide failed to
decrease the temperatures at which the compounds decomposed. Dif-
ferential thermogravimetric data, however, have shown that the addi-
tion of 1% cuprous oxide to sodium superoxide causes a slight in-
crease 1n the rate of thermal decomposition.

L. TIsothermal kinetic studies were performed on pure and cat-
alyzed samples of sodium superoxide and sodium peroxide. Based on
DTA data, reaction temperatures were set at 160 and 25000. Cat-
alysts included in this study were manganese dioxide, vanadium(V)

oxide, vanadium(III) oxide, aluminum oxide, and copper polyphthalo-
cyanine.

Analytical data obtained from the thermal decomposition pro-
ducts of sodium superoxide studies indicate that the degradation
takes place in two distinct steps: (1) the conversion of super-
oxide to peroxide and oxygen and (2) the decomposition of peroxide
to give the oxide and additional oxygen.
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At both 160 and 250°C, sodium superoxide decomposed to form
principally sodium peroxide with only a small amount of sodium
oxide being produced. At 160°C the decomposition proceeded to
41.4% of completion in 140 hours while at 250°C, 87.2% of com-
pletion was achieved in 7 hours.

At the lower temperature, two catalysts, vanadium(V) and

vanadium (III) oxides appeared to accelerate the decomposition

of superoxide. The higher oxidation state facilitated the super-
oxide-peroxide transition with no oxide being formed, while the
vanadium(III) compound catalyzed the conversion of superoxide all
the way to the oxide. Another catalyst, manganese dioxide, also
increased the amount of oxide formed, although the percent of
superoxide converted was somewhat less than that obtained with

pure sodium superoxide.

5. At 25000, all of the catalysts tested appeared to retard
the conversion of sodium superoxide to sodium peroxide. It is
postulated that complexes of the general type, NaOQ.MXOy, are
formed. The complexes are considered to decompose at a slower
rate than the uncomplexed sodium superoxide, thus accounting for
the apparently lower conversion to the peroxide. Manganese di-
oxide and copper phthalocyanine effectively catalyze the decom-
postion of the uncomplexed superoxide completely to the oxide and
oxXygen.

6. Studies were conducted on the thermal Jgecomposition character-
istlcs of sodium superoxide samples preconditioned by exposure of

atmospheres of 100% relative humidity for varying periods of time.
Such conditioning appeared to lower slightly the onset of thermal
decomposition. The rate of decomposition was not significantly af-
fected by preconditioning with moisture.

7. Magnetic susceptibility measurements were made at 38, 28, 11,
0, -64, and -178°¢ for calcium superoxide samples of 20.0 and 48.0%
purity. The Curie-temperature was determined to be OOK indicating

that the Curie Law was obeyed. The molar susceptibility for calclum
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superoxide was calculated to be 2850'10_6c.g.s. units at 24°¢C.
The permanent moment for l/20a(02)2 was calculated to be 1.8%4

Bohr magnetons which 1s in excellent agreement with the predicted
theoretical value.
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CONCLUSIONS

The potential uses of alkall metal ozonides and superoxides,
as well as calcium superoxide, as air revitalization materials have
been the subject of studies conducted under NASA Contract NASw-559
since February, 1963. The results of this research and the problems
associated with the synthesis and chemical characterization of these
compounds have been presented in the reports submitted as partial
fulfillment of the subject contract.

A summary of active chemicals, their availability, adaptability
to long or short duration space missions, and experience factors con-
cerning their application as air revitalization materials is given in
Table X.

The studies concerned with alkali metal ozonides clearly estab-
lished the potential of these materials for use in non-regenerative
air revitalization systems. Oxygen production resulted from the
reaction of water (vapor) with the ozonide and yielded the corres-
ponding hydroxide which was capable of absorbing carbon dioxide.

The attractiveness of this system was further enhanced by the fact
that bilcarbonates were formed upon reaction with carbohydroxide,

thus resulting in favorable respiratory quotients.

Potassium ozonide was successfully prepared in greater than
95% purity but in only small (10%) yields. The stoichiometries of
the pertinent chemical reactions for potassium ozonide as well as
its thermal stability properties were characterized. The present
inability to prepare large-scale quantities of potassium ozonide,
however, and the difficulties encountered in synthesizing sodium
ozonide prevent the consideration of the alkali metal ozonides as
"off-the-gshelf" items, 1.e., ready for use. It is necessary, there-
fore, that continued efforts be expended for fundamental studies in
the areas of the synthesis and engineering of these materials for

alr revitalization systems.
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PN

Active Chemical

Sodium Superoxide

Potassium Superoxide

Calclum Superoxide

Lithium Peroxide

Sodium Ozonide

Potassium Ozonilde

Sodium Peroxide

Potassium Peroxide

Lithium Superoxide

Lithium Ozonide

PRECEDING PAGE BLANK NOT FILMED.

Formula

NaO2

KO

Ca(02)2

Li20

NaO3

KO

Na20

K0,

110,

LiO3

Availabllity

Commercially available.
>95% purlty.
Currently expensive

($20/11b).

Commercially available.
>95% purity.
($2/1b)

Laboratory quantities
only, purities up to
60%.

Commercially avallable.
>85% purity.
($18/1b)

Laboratory quantities
only.

>90% purity reported.
Current laboratory
synthesis techniques
not suitable for large
scale production.

Laboratory quantities
only.

>90% purity 1n low yield.

Current laboratory
synthesis techniques not
sultable for large scale
production.

Commercially available.
>90% purity.

Fluff material ($0.95/1b)
Pellet material ($0.21/1Db)

Not commercilally
avallable.

Not avallable

Numerous attempts at
synthesis unsuccessful.
Reported successes
guestionable. Thermo-
dynamic studles show
i1t to be unstable at
useful temperatures.

Not available.
Unfavorable thermo-
dynar ‘cs. No reports
regar.ing possible
synthesis.

7~

SUMMARY OF ACTIVE CHEMIC!

Adaptability to Life Support Sys!

May be considered suitable in chem:
air revitalization system to suppl;
oxygen and remove carbon dioxide ar
noxious and toxic airborn contamin:
Present state-of-the-art indicates
material suitable for missions of
135 to 180 man-days 1in length. Lot
term storage stability is an attra
asset. Potentially the best of the
currently considered non-regenerat:
systems 1n terms of welght and volx
requirements.

Same as for sodium superoxide but -
less oxygen storage capacity. Ada)
for space missions of up to 95 man
in length.

If avallable in purities greater tI
90%, would be superior to the alka
metal superoxides in all regards ai
would, in addition, offer attracti
potential in a back-pack unit.

Both COp scrubber and oxygen sourc
greater COp capacity than lithium
hydroxide.

Catalyst necessary for complete re
with water vapor and 002.

Would be useful as multi-purpose c
pound for supply of oxygen, remova
carbon dioxide, and noxious and to:
air-born contaminants.

Same as for sodium ozonides but wi
less oxygen storage capacity and
greater thermal stability.

Potentially useful as an auxiliary
primary CO2 scrubber, however, not
attractive©as lithium peroxide com
for these purposes, nor in terms o
oxygen storage capacity.

None

Would be outstanding active chemic
for oxygen supply.

Would offer greatest oxygen storag
capacity of all active chemicals.



LS FOR USE AS AIR REVITALIZATION MATERIALS

or
as
ound

Experience Factors Related to Space Cabin Use

Status As Air Revitalization Material

Successful laboratory evaluations (GD/EB and
others), manned chamber tests (Boeing), may

possibly have been the chemical of cholce in
Russian animal and manned space flights.

Extensive studies both in USA and USSR. Was
in all probabllity the chemical of choilce in
the Soviet manned and animal space flights.

Limited laboratory studles on synthesis and
characterization as an air revitallzation
material (GD/EB, ONR, Soviets).

Some laboratory studies on synthesis and
utilization as air revitalization material
(Foote Mineral Company).

Some laboratory studies on its synthesis and
evaluation as air revitalization material
(GD/EB, IIT, and Soviets).

Same as for sodium ozonide.

Limited information available. Some
laboratory studies.

None

None

None

Ready for use pending design and test of
an actual flight system.

Same as for sodium superoxide.

Requires continuation of basic studies to
develop a method of producing this compound
in purities greater than 90% and on a large
scale.

Mechanisms and control of pertinent air
revitalization reactions not completely
known. Long term basic chemlcal and
englineering studies required (2 to 3 years)
in order to insure 1its rellability 1n space
missions.

Will require long-term basic studies (2 to

3 years) to resolve problems of its synthesis

on large scale and the problem of thermal
stabllity.

Same as for sodium ozonlde except for-
thermal stability.

Doubtful value for space cabin applications
based on water vapor reactlons. O0Of value
when admixed with sodium superoxide for
specially-designed water reactors.

None

None

None
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In the recent interim reportl, it was concluded that the
chemistry of sodium and potassium superoxides has been sufficiently
developed to allow the application of these materials in air re-
vitalization systems. The reactions of these compounds with water
vapor and carbon dioxide have been extensively studied. 1In a semi-
passive unit, designed for use in closed environments such as space
cabins, the desired respiratory quotient may be readily maintained
by proper control of flow rates and levels of humidify. The use-
fulness of these compounds, moreover, has been ably demonstrated
by the followling: the microcontactor (using potassium superoxide)
developed at General Dynamics, Electric Boat division, under the
auspilces of NASA27; the five-man test (employing sodium superoxide)
successfully completed by the Boeing Alrcraft Co. under the direc-
tion of NASA28’29; the atmosphere control unit (using potassium
superoxide discs) designed and fabricated by the MSA Research
Corporation in cooperation with the Aerospace Medical Division of
Wright-Patterson Air Force BaseSO; the company-sponsored efforts
of the General Dynamics, Electric Boat division, in developing a
"Potassium Superoxide Air Revitalization System" for small sub-

3%; and the dramatic use of sodium or potassium superoxide
in the Russian Vostok and Voskhod manned flightss2s33-3%

1

mersibles

The weight and volume characteristics of an air revitalization
system based on the reaction of water vapor with sodium or potassium
superoxide are compared in Table XI with other technically advanced,
non-regenerative systems for a 90-day manned mission. These esti-
mates, based on the analysis of available engineering data3l’35’36,
assume the requirements of a 154-1b. man at moderate activity (an
oxygen requirement of 1.87 1b./man-day, and a carbon dioxide output
of 2.11 lb/man-day). Weight estimates for threce-man capacity systems

have been shown to range from 280 to 600 pounds37’38. Estimated
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TABLE XI

Weight and Volume Characteristics for Advanced

State-of-the-Art, Non-Regenerative Air Revitalization Systems

90 Man-Day
90 Man-Day Mission
Fixed Mission FPixed Total
Welght Total Weight Volume Volume
System (1bs.) (1bs.) (cu. ft.) (cu. ft.)
LiOH (alone) 12 269 2 8
LOX (150 psi) 20 209 1 11
(50% Loss)
0o Spheres 10 534 1 13
(3000 psi)(SAE
4340 Steel,
Safety Factor
1.88)
LOX (50% Loss)/| 32 667 3 19
LiOH
02 Spheres/LiOH 22 803 3 21
KO, 12 769 2 17
Nao, 12 598 2 13.5

(Fixed weight and fixed volume estimates include blowers, manifolds,

regulators, control device, and miscellaneous piping and tubing.)
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power requirements for regenerative systems are on the order of two
kilowatts. Since a realistic weight-to-power ratio is generally
assumed to be 300 1lbs. per kilowatt, approximately 600 1lbs. must be
added to the basic estimated weight of the regenerative systems.
The estimated power requirement of non-regenerative systems is on
the order of only 0.1 kw, and only 30 1bs. for power supply need

be added to their basic system weilght.

A comparison of system weights, including power supply weights,
as a function of mission length is shown in Figure 47, vhile Figure 48
illustrates volume penalties as a function of mission length. These
figures indicate that an active chemical system employing sodium
superoxide offers the least weight and volume penalty of any of the
non-regenerative systems considered and is clearly competitive with
regenerative systems up to 125 to 180 man-days in length.

A number of the characteristics of a superoxide chemical air
revitalization system which offer additional advantages to be con-
sidered in a trade-off study are not included in the above weight-
volume-mission length comparisons. These advantages include con-
trol of cabin relative humidity, removal of air-borne bacteria and
odoriferous human body waste products from the cabin atmosphere
(thus offering possible reduction or elimination of auxiliary systems
for removal of toxic contaminants), and the simplicity and reliability
of operation compared to other candidate air regeneration systems.

For small, self-contained air revitalization units such as
might be associated with space suits, extra-vehicular activities,
and the like, canister-like devices must be employed. 1In these
applications, however, the use of sodium or potassium superoxide is
restricted by the crusting problem encountered with the alkali metal
superoxide-water vapor canister reactions. In an attempt to circum-

vent this problem, calcium superoxide was investigated as an air
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revitalization material. The interim reportl concluded that calcium
superoxide was not yet competitive with alkali metal superoxides
because of the complexity of the reactions of calcium superoxide

with carbon dioxide and water vapor. Before calcium superoxide can
be considered for use in air revital ization applications, therefore,
the pertinent reaction stoichiometries must be established, and the

problems related to large scale synthesis of high-purity material
must be resolved.

The present work was concerned with the investigation of an
alternate to the superoxide-water vapor reaction. The determination
of the thermal decomposition characteristics of sodium superoxides,
sodium peroxide, and lithium peroxide has confirmed the feasibility
of oxygen production through thermal activation of these air re-
vitalization chemicals. Significant yields and rates of oxygen
evolution from sodium superoxide can be obtained at elevated tempera-
tures (near 250°C) in the presence of a suitable catalyst (e.g. V203).
Pretreatment of the superoxide sample by exposure to moisture has

been shown to lower slightly the temperature of thermal decamposition.

It has been demonstrated that the chemical best suited for
these purposes would be sodium superoxide. Lithium peroxide cannot
be considered at this time because 1t decomposes at a somewhat
higher temperature (greater than BOOOC) than sodium superoxide.
Because of the elevated temperatures needed to effect decomposition,
the use of sodium superoxide to produce oxygen via a thermal
decomposition mechanism in a small, self-contained air revitalization
unit does not appear encouraging at this time.

One conceptual design for an air revitalization unit based on
the thermal decomposition of sodium superoxide 1s shown schematically
with various modes of operation in Figure 49. Internal heaters
would be employed with the high density superoxide material. Based
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FIGURE 49 CONCEPTUAL SCHEMATIC FOR AIR REVITALIZATION
UNIT BASED ON THERMAL DECOMPOSITION OF
SODIUM SUPEROXIDE
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on this conceptual design, engineering estimates were made for a
"quasi-trade~off" study assuming a 1% catalyst level and an operating
temperature of 100°¢C (ideal compared to experimentally determined
25000). The weight and volume penalties were calculated in the
manner described above for a one-man system based on the thermal
decomposition (via two reaction paths) of sodium superoxide, and
are summarized in Table XII. Figures 50 and 51 illustrate systems
weights and volumes as functions of mission length. A comparison
of this data with Figures 47 and U48indicates that the superoxide
thermal decomposition system does not offer any significant weight

or volume advantages over a system based on a superoxide-water vapor
reaction.

At this time, it can be concluded that sufficient thermal data
for high density alkali superoxides material 1s not yet available
for reliable engineering'trade-off'"studies. In addition, before
such "trade-off" studies can be made, the necessary data must be
obtained and studies of many additional superoxide-catalyst systems
should be exhausted.
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RECOMMENDATIONS

It 1s recommended that:

1. A superoxide air revitalization system be designed and
tested that would be oriented toward a specific space mission. It
is recommended that the system be based on the reaction of either
sodium or potassium superoxide with water vapor.

2. Studies of the thermal decomposition mode of activation
for a superoxide air revitalization system be continued in order
to make more reliable engineering trade-off studies compared to
the water vapor mode of activation. Studies of various catalyst
systems (particularly metal phthalocyanines and vanadium and copper
oxides) with sodium and potassium superoxides should be continued
in an effort to find a lower temperature of decomposition or faster
rate of oxygen evolution. In addition, the feasibility of "on-off"
type modes of operation by raising or lowering the applied thermal
energy should be determined.

3. Basic studies related to the chemistry and synthesis of
calcium superoxide be continued to develop a method of preparing
this compound in at least 90% purities as well as in greater than
laboratory quantities.

4. Long-term basic studies of alkalil metal ozonides be con-
tinued to resolve problems concerning synthesis (particularly large
scale production) and thermal stability.
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